PomA is thought to be a component of the ion channel in the sodium-driven polar-flagellar motor of Vibrio alginolyticus. We have found that some cysteine substitutions in the periplasmic region of PomA result in a slow-motility phenotype, in which swarming and swimming speeds are reduced even in the presence of high concentrations of NaCl. Most of the mutants showed a sodium ion dependence similar to that of the wild type but with significantly reduced motility at all sodium ion concentrations. By contrast, motility of the D31C mutant showed a sharp dependence on NaCl concentration, with a threshold at 38 mM. The motor of the D31C mutant rotates stably, as monitored by laser dark-field microscopy, suggesting that the mutant PomA protein is assembled normally into the motor complex. Mutational studies of Asp31 suggest that, although this residue is not essential for motor rotation, a negative charge at this position contributes to optimal speed and/or efficiency of the motor.
Flagella are the filamentous organelles responsible for motility of most bacteria. Flagellar rotation is driven by a reversible rotary motor embedded in the cytoplasmic membrane at the base of each flagellar filament. The energy for rotation of the flagellar motors comes from the electrochemical gradient of specific ions across the cytoplasmic membrane (protons in Escherichia coli and Salmonella enterica serovar Typhimurium, or sodium ions in Vibrio spp. and alkalophilic Bacillus strains) (4, 11, 12, 17) .
The essential component for energy conversion in the motor is thought to be a force-generating unit that functions as an ion channel and interacts with the coupling ion to produce mechanical force. In the proton-driven motor, the channel is composed of a complex of MotA and MotB (5, 9, 10, 25, 27, 28) , membrane proteins with four and one single transmembrane segments, respectively (6, 7, 26, 31) . It is believed that the cytoplasmic domain of MotA interacts electrostatically with the C-terminal domain of the rotor protein FliG (19, 32) . Four proteins, PomA, PomB, MotX, and MotY, are essential for rotation of the sodium-driven polar-flagellar motors of the marine bacteria Vibrio alginolyticus (1, 8, 23) and Vibrio parahaemolyticus (13, 20, 21) . PomA and PomB are homologs of MotA and MotB and are thus thought to form a sodium channel in the motor. The functions of MotX and MotY are unknown, although MotX may also be a sodium channel component of the motor, because overproduction of MotX is lethal in E. coli in proportion to the external sodium ion concentration, and also because this lethality is suppressed by the addition of amiloride, a specific inhibitor of the sodium-driven motor (20) . Mutations resistant to phenamil, an amiloride analog, were recently identified in PomA and PomB, and these mutations showed synergistic effects on motility (13, 15) . In addition, PomA could be coprecipitated with PomB by anti-PomB antibody, and PomB could be coprecipitated with PomA by antiPomA antibody (30) . These results support the hypothesis that PomA and PomB form a complex. Recently, it has been shown directly that the complex consisting of PomA and PomB catalyzes sodium influx in reconstituted proteoliposomes (24) .
Slow-motility mutants caused by mutations in MotA have been isolated in E. coli and Salmonella serovar Typhimurium (5, 29) . It was reported that in most of the slow-motility mutants motor torque was normal at low speeds but reduced at high speeds. These mutants generated approximately equal torques in H 2 O and D 2 O, but their swimming speeds were significantly reduced in D 2 O compared with those in H 2 O (5). These results suggested that motor rotation is kinetically limited in these mutants by a process that might involve proton transfer. In the case of the sodium-driven motor, rates of sodium ion flux are easily altered by changing the NaCl concentration or by using sodium channel-specific inhibitors. This approach allows a direct assessment of the relationship between slow rotation and ion flux through the motor. We have generated a series of cysteine-substituted mutations in the periplasmic residues of PomA and found that some of these mutants show a slow-motility phenotype (2) . In this study, one of these slow-motility mutants, which could not swim in a low concentration of NaCl, was characterized.
The PomA mutation D31C causes slow polar flagellar motility. We first examined the relationship between swimming speed and NaCl concentration in the slow-motility pomA mutants isolated previously. The plasmid pYA301 (pomA ϩ Km r ) (15) containing wild-type or mutant pomA was introduced into the V. alginolyticus strain NMB188 (Laf Ϫ PomA Ϫ Che Ϫ ) (15) and cultured to late logarithmic phase at 30°C in VPG medium (1% polypeptone, 0.4% K 2 HPO 4 , 3% NaCl, 0.5% glycerol). Swimming speeds were measured in TMN medium containing 50 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 5 mM glucose, and various concentrations of NaCl and KCl to keep the sum of the concentrations of NaCl and KCl at 300 mM. Most of the slow-motility mutants obtained by cysteine substitutions in the periplasmic residues of PomA showed a dependence on sodium ion concentration similar to that of the wild-type strain, but with swimming speeds significantly lower than for the wild-type strain ( Fig. 1A ; PomA I175C is a typical example). Among the slow-motility mutants, only D31C showed a significantly different dependence on sodium ion concentration (Fig. 1A) . This mutant did not swim at low concentrations of NaCl (0 to 19 mM). It could swim in medium containing 38 mM NaCl, and its swimming speed increased gradually as the concentration of NaCl in the medium increased. It swam at about 20 m/s in 300 mM NaCl, a speed about one-fourth that of cells expressing the wild-type PomA and comparable to the speed of the PomA I175C mutant. As shown in Fig. 1B , Asp31 of PomA is thought to be located in the periplasmic loop region. We found that the swimming speed of the PomA D31C mutant was further reduced by the sulfhydryl modifying reagents dithionitrobenzoic acid and N-ethylmaleimide, although motility of the wild-type strain, which does not contain cysteine in PomA, was not reduced. This result suggests that this residue is exposed to the outside (2) .
Site-directed mutagenesis of PomA Asp31. Given the presumed location of Asp31 in the periplasmic space (Fig. 1B) , the negative charge of this residue might affect rates of ion influx through the motor. We next carried out site-directed mutagenesis to replace Asp31 of PomA with various residues. Mutations were made in pomA carried in the plasmid pYA301 by the two-step PCR method described previously (15) . Plasmids carrying the mutated pomA were transformed to the PomA Ϫ Che Ϫ strain NMB188, and swimming speeds were measured at various NaCl concentrations (Fig. 2) . We generated 10 new mutants, all of which, except the D31F mutant, exhibited motility at 300 mM NaCl. The mutants were classified into four groups according to their NaCl thresholds for motility and their maximal swimming speeds in 300 mM NaCl. The type I mutant D31E showed nearly the same sodium dependence and swimming speed as the wild-type strain. Type II mutants were slightly shifted in their threshold for motility, being motile in 13 to 19 mM NaCl, and they exhibited a reduced maximal swimming speed relative to the wild-type strain. Mutants carrying substitutions with neutral side chains (D31N, D31Q, and D31S) fell into this group. The single type III mutant (D31G) showed the same NaCl dependence and maximum speed as D31C. Type IV mutants had a higher NaCl threshold for motility, requiring more than 75 mM NaCl for motility and showing reduced maximum swimming speeds relative to D31C. Substitution with small (D31A), large (D31Y), or positively charged residues (D31K and D31R) produced this profile. These results show that various mutations in Asp31 of PomA affect the sodium ion concentration dependence of motility. Charge-reversed mutations (D31K and D31R) greatly reduced motility, but the charge-conserved mutation (D31E) did not affect motility very much, suggesting that a negative charge at this position might be important for optimal function of the motor.
To investigate whether Asp31 is located near ion-binding sites in the channel complex, we examined the inhibition of motility of the D31C mutant by the sodium channel-specific inhibitors phenamil and amiloride. Motility of both the D31C mutant and the wild-type strain was inhibited by 50 M phenamil or 3 mM amiloride in 100 mM NaCl (data not shown). Thus, Asp31 of PomA might not be directly involved in binding sodium ions. We also performed immunoblotting of whole-cell proteins of the mutants, using a polyclonal anti-PomA peptide antibody. All of the mutant PomA proteins were detected at levels sufficient to support motor function (data not shown).
Analysis of speed fluctuations in the PomA D31C mutant. It has been shown, by adjusting the sodium ion concentration in the medium, that rotation of the polar flagellar motor of V. alginolyticus is stable as the motor speed is varied over a wide range (from about 50 to about 1,000 revolutions per second [rps]) (22) . Thus, if sodium flux is reduced in the D31C motor but other aspects of function are unaffected, the rotation speed of the motor should not fluctuate. However, if the force-generating units of the mutant bind unstably to sites in the motor, this effect should slow the motility and increase fluctuations in rotation speed. To test this idea, we measured flagellar rotation in NMB188 cells containing wild-type or D31C mutant PomA protein by using laser dark-field microscopy (LDM), as described previously (16) . In this method, a rapidly rotating flagellum is irradiated by a thin beam of laser light, and its rotation rate is measured from the intensity change of scattered light (18) .
NMB188 cells containing wild-type or D31C PomA protein were harvested at late logarithmic phase, washed once with TMN medium, and resuspended in the same medium. The cell suspension was poured into the space between the slide and the cover glass on which thin spacers were placed. After 10 min, cells not stuck to the cover glass were washed by a flow of TMN medium. To allow speed fluctuations to be compared at the same average rotation speed, wild-type cells were studied in 6 mM NaCl and mutant cells were studied in 300 mM NaCl. Figure 3A shows the intensity of scattered light versus time for both the wild type and the mutant. Both mutant and wild-type flagella rotated steadily at about 200 rps (Fig. 3B) . To evaluate speed fluctuations of the motors, we made the following calculation for multiple samples: (standard deviation of the rotation rate)/(average rotation rate) ϫ 100. This value was 10 and 12% for the wild type and the D31C mutant, respectively, suggesting that force-generating units of the mutant D31C motor are stably bound to the motor.
Possible role of negative charge of Asp31 for motor rotation. In this study, we characterized slow-motility mutants that might have defects in essential steps of torque generation by the flagellar motor. Two questions are raised by these slowmotility mutants. First, what slows the rotation of these mutant motors? Second, what causes a threshold for motility? Two factors are likely to be important: the rate of sodium influx through the motors and the efficiency of energy conversion in the motors. That is, ion flux through the mutant motors might be decreased and/or the efficiency of energy coupling in the mutant motors might be reduced by defects in the channel complex. The simplest model for such a defect is that mutation of Asp31 of PomA makes ions pass more slowly through the channel (for example, the pore size might become smaller). Mutations might reduce the rate of flow so much that it results in a threshold for motility. Similarly, reduction in the efficiency of energy conversion in the motor might cause this phenotype.
Based on this study, we cannot conclude which model is more likely to explain the effect on motor rotation imposed by replacements of Asp31. Asp31 is located in the first periplasmic loop (loop 1-2 ) of PomA, and it has been suggested that loop 1-2 may be in contact with other proteins, such as PomB, MotX, or MotY, or that it may be embedded in the pore region of the channel (2). In either case, the negative charge of this residue appears to be important. Introduction of a positive charge (D31K or D31R), and also changes in the size of the side chain (D31A and D31Y), caused large increases in the threshold NaCl concentration needed for motility. These mutations (type IV) probably do not cause unstable binding of the force-generating units to the motor, because the motors of D31C mutant rotated steadily. Thus, the mutant phenotype is probably due to defects in the channel complex itself and not in its installation into the motor. The periplasmic segment of PomA contains two other negative charges, D170 and D171 (in loop [3] [4] ). These negative charges, together with D31, may function to recruit sodium ions into the channel complex. An analogous recruitment mechanism for hydrogen ions has been suggested for bacteriorhodopsin (14) . The D170C or D171C single mutant reduced motility; however, both of them did not have NaCl thresholds for motility as D31C did. Double mutations of these two residues might affect motility more severely. According to sequence alignment of MotA proteins, these three residues are conserved in some species, but not perfectly. Alignment also shows that MotA proteins have several charged residues in periplasmic domains, and in most cases, their net charges are negative. This might imply that the negatively charged area in   FIG. 2 . Sodium-dependent motility of the PomA Asp31 mutants. Mutants were classified into four groups based on the Na ϩ concentration threshold for motility. NMB188 cells expressing each mutant PomA were harvested at late logarithmic phase and suspended in TMN medium containing various concentrations of NaCl. Swimming speeds were measured as described in the legend to Fig. 1 . WT, wild type.
MotA proteins can function similarly to recruit protons into MotA/MotB channels.
Recently, our group succeeded in measuring sodium ion flux, in response to a potassium diffusion potential, through purified PomAB channel complexes reconstituted in proteoliposomes (24) . Such a direct measurement of the current passed through the channel complex will be needed to clarify the function of residue Asp31. We hope to determine the cause(s) of the Na ϩ concentration threshold and thus gain insight into the mechanism of torque generation.
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This work was supported in part by grants-in-aid for scientific researches (to I.K. and M.H.) from the Ministry of Education, Science and Culture of Japan and the Japan Society for the Promotion of Science (to S.K. and Y.A.). FIG. 3 . Flagellar rotation of wild-type and D31C mutant cells detected by LDM. Rotation of a single polar flagellum of a stuck cell of NMB188 expressing wild-type or D31C PomA protein was measured by using LDM for about 6 s in the presence of 6 mM NaCl (wild type) or 300 mM NaCl (D31C), as described previously (16) . (A) Intensity changes of the scattered light from the rotating flagellum. The interval between peaks corresponds to the rotation period. (B) Fluctuations in rotation rate of the wild-type and D31C mutant motors plotted as the reciprocal of the interpeak intervals from the data in panel A. Average rotation rates were 197 Ϯ 20.7 rps (wild type) and 187 Ϯ 16.9 rps (D31C).
